We purified lipoamide dehydrogenase from cells of Pseudomonasputida PpG2 grown on glucose (LPD-glu) and lipoamide dehydrogenase from cells grown on valine (LPD-val), which contained branched-chain keto acid dehydrogenase. LPD-glu had a molecular weight of 56,000 as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and LPD-val had a molecular weight of 49,000. The pH optimum for LPD-glu for reduced nicotinamide adenine dinucleotide oxidation was 7.4, compared with pH 6.5 for LPD-val. When oxidized nicotinamide adenine dinucleotide was included in the assay mixture, the pH optima were 7.1 and 5.7, respectively. There was also a difference in pH optima between the two enzymes for oxidized nicotinamide adenine dinucleotide reduction, but the Michaelis constants and maximum velocities were similar. A purified preparation of branched-chain keto acid dehydrogenase, which was deficient in lipoamide dehydrogenase, was stimulated 10-fold by LPD-val but not by LPDglu, which suggested that the branched-chain keto acid dehydrogenase of P. putida has a specific requirement for LPD-val. In contrast, a partially purified preparation of 2-ketoglutarate dehydrogenase that was deficient in lipoamide dehydrogenase was stimulated by LPD-glu but not by LPD-val, indicating that this complex has a specific requirement of LPD-glu.
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The most important function of lipoamide dehydrogenase (EC 1.6.4.3) is that it serves as a subunit of pyruvate dehydrogenase and 2-ketoglutarate dehydrogenase (18) . These multienzyme complexes from Escherichia coli consist of three subunits with analogous functions. Subunit El is the decarboxylase-dehydrogenase, subunit E2 is the transac'ylase and is the subunit which contains covalently bound lipoic acid, and subunit E3 is lipoamide dehydrogenase and catalyzes the following reaction:
E2-lip(SH)2 + E3 E2-lipS + E3-H2 E3-H2 + NAD+ E3 + NADH + H+
The mammalian pyruvate dehydrogenase complex contains these three subunits plus a kinase and a phosphatase, which regulate enzyme activity by phosphorylation and dephosphorylation (3) . These and other functions of lipoamide dehydrogenase have been reviewed by Guest (5) .
E. coli produces a single lipoamide dehydrogenase for both pyruvate dehydrogenase and 2-ketoglutarate dehydrogenase. Pettit and Reed (16) isolated lipoamide dehydrogenase from the pyruvate and 2-ketoglutarate dehydrogenases of E. coli and showed that the two proteins were indistinguishable physically, chemically, and catalytically. Later, Guest and Creaghan (6) and Alwine et al. (1) isolated mutants of E. coli K-12 that had lesions in the structural gene for Iipoamide dehydrogenase. Guest (4) mapped the lpd gene, which proved to be very close to aceE and aceF, the structural genes for subunits El and E2 of pyruvate dehydrogenase. The genes for subunits El and E2 of 2-keto-glutarate dehydrogenase (sucA and sucB) were located 14 min from aceE and aceF. Mutations in lpd were accompanied by a drastic reduction in lipoamide dehydrogenase, a dual requirement for acetate and succinate, and the loss of pyruvate and 2-ketoglutarate dehydrogenases. Mammals produce several isozymes of lipoamide dehydrogenase, but all have the same molecular weight and are thought to be conformational isomers (27) .
A study of the branched-chain keto acid dehydrogenase of Pseudomonas putida proved that this enzyme was a multienzyme complex which had an E3 subunit similar to pyruvate 39 640 SOKATCH ET AL. and 2-ketoglutarate dehydrogenases (23) . During purification, the enzyme became deficient in lipoamide dehydrogenase. The purpose of this work was to determine whether there is a single lipoamide dehydrogenase in P. putida for pyruvate dehydrogenase, 2-ketoglutarate dehydrogenase, and branched-chain keto acid dehydrogenase or whether branched-chain keto acid dehydrogenase has a specific lipoamide dehydrogenase. We purified lipoamide dehydrogenase from P. putida cells grown on glucose (LPDglu), which contained pyruvate and 2-ketoglutarate dehydrogenases, and lipoamide dehydrogenase from P. putida cells grown on valine which contained all three keto acid dehydrogenases. The two lipoamide dehydrogenases had different molecular weights and pH optima, and only LPD-val stimulated branched-chain keto acid dehydrogenase deficient in subunit E3.
MATERIALS AND METHODS
Organisms and growth conditions. P. putida PpG2 was obtained originally from I. C. Gunsalus and was grown as described previously (12) . The (23) . The assays used for pyruvate, 2-ketoglutarate, and branched-chain keto acid dehydrogenases were also as described in the accompanying paper (23 (2) by the least-squares method. This program also calculated the slopes and identified the intercepts. All kinetic studies were done at the pH optima listed below (see Table 3 ). When the kinetics of NADH oxidation were studied, the concentration of NAD+ was kept at 0.1 mM, whereas the concentration of dihydrolipoamide was varied. When the concentration of NAD+ was varied, the concentration of dihydrolipoamide was kept constant at 3.0 mM. When the kinetics of NAD+ J. BACTERIOL. reduction were studied, the concentration of NAD+ was varied and four concentrations of dihydrolipoamide were used (see Fig. 4 legend). The data in Fig. 4 were plotted from duplicate determinations for each point.
Purification of LPD-glu. The purification procedure shown in Table 1 started with 11 g of cells which were suspended in 56 ml of 50 mM potassium phosphate buffer (pH 7.0) containing 1 mM EDTA and 0.5 mM dithiothreitol (phosphate-EDTA-DTT buffer).
The cell suspension was treated with sonic energy for 12 min by using a Heat Systems model W140 sonic generator at a power setting of 7. The suspension of broken cells was centrifuged at 90,000 x g for 1 h to remove most of the NADH oxidase. The supernatant fraction from step 1 (56 ml) was centrifuged at 230,000 x g for 3 h, which sedimented 71 U of dihydrolipoamide dehydrogenase but left 93 U in the supernatant fraction. Since virtually all of the pyruvate dehydrogenase and all of the 2-keto-glutarate dehydrogenase were recovered in the pellet, the lipoamide dehydrogenase in the supernatant fraction was probably uncomplexed.
The pellet was dissolved in the minimum amount of phosphate-EDTA-DTT buffer (final volume, 4.7 ml), applied to a column of Sepharose CL-4B (2.5 by 60 cm), and eluted with the same buffer. Fractions (4 ml) were collected, and the contents of tubes 32 through 52 were pooled. The pool from the Sepharose CL-4B column was heated at 650C for 15 min, which inactivated the keto acid dehydrogenases, and then this pool was applied to a column of DEAE-Sepharose CL-6B (2.0 by 28 cm) equilibrated with phosphate-EDTA-DTT buffer. After the enzyme was loaded, the column was washed with 100 ml of phosphate-EDTA-DTT buffer, and the protein was eluted with a linear gradient (250 ml of phosphate-EDTA-DTT buffer containing 300 mM sodium chloride in the reservoir and 250 ml of phosphate-EDTA-DTT in the mixing chamber). Fractions (3 ml) were collected, and the contents of tubes 68 through 96 were pooled. The enzyme from step 5 (168 ml) was dialyzed overnight against two changes consisting of 2 liters of 25 zyme was applied to an Affi-Gel Blue column (2.3 by 8 cm). This column had been equilibrated with 25 mM potassium phosphate buffer (pH 7.0)-i mM EDTA-0.5 mM dithiothreitol and washed with 100 ml of this same buffer. Protein was eluted by a linear sodium chloride gradient, using 100 ml of 25 mM potassium phosphate buffer (pH 7.0)-i mM EDTA-0.5 mM dithiothreitol in the mixing chamber and 100 ml of this same buffer containing 500 mM sodium chloride in the reservoir. Lipoamide dehydrogenase usually appeared in the eluate near the end of the gradient (Fig. 1) and was completely eluted with 170 ml of the same buffer used in the reservoir.
Purification of LPD-val. The purification procedure shown in Table 2 began with 8 g of cells and differed only in minor details from the purification procedure shown in Table 1 . Virtually all of the lipoamide dehydrogenase and keto acid dehydrogenase complexes were sedimented by centrifugation at 176,000 x g ( Table 2 , step 2), in contrast to the corresponding step in Table 1 , where much lipoamide dehydrogenase remained in the supernatant fraction. DEAE-Bio-Gel A was used in step 2 ( Table 2) rather than DEAE-Sepharose, but the latter gave better resolution and was used in subsequent preparations. (Fig. 1, pool A) ; pool B was eluted midway through the gradient, and pool C was eluted with 500 mM sodium chloride. pH optima. To determine the pH optima of the lipoamide dehydrogenases in the direction of NADH oxidation, we used the components of the assay described previously (20) , except that the buffers which we used were sodium acetate (pH 4.0 to 5.4), potassium phosphate (pH 5.5 to 8.0), and Tris (pH 7.0 to 9.0) (all at a final concentration of 100 mM). To determine the pH optima for NAD+ reduction, 50 mM Tris buffer was used from pH 7.0 to 9.0 and 50 mM sodium bicarbonate was used from pH 8.5 to 10.5.
Gel electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was usually performed by the method of Laemmli and Favre (9), using 7.5% polyacrylamide gels. In some cases we used the method of Weber et al. (26) , in which a stacking gel was not required. The molecular weights of the subunits were determined by the method of Weber et al. (26) except that we used the buffer system of Laemmli and Favre (9) . Lipoamide dehydrogenase activity was demonstrated in 5% polyacrylamide gels by using pNitro Blue Tetrazolium stain (22) .
RESULTS
Purification of LPD-glu and LPD-val. The objective of this study was to isolate lipoamide dehydrogenase from keto acid dehydrogenase complexes rather than free enzyme. P. putida grown on glucose contains pyruvate and 2-ketoglutarate dehydrogenases but lacks branchedchain keto acid dehydrogenase (12) . When grown on valine, P. putida contains all three keto acid dehydrogenases, with two to three times as much branched-chain keto acid dehydrogenase as the other two enzymes combined (23) . Ultracentrifugation cleared the superna-VOL. 148, 1981 tant fraction of lipoamide dehydrogenase in the preparation from P. putida grown on valine, but most of the lipoamide dehydrogenase remained in the supernatant fraction in the preparation from cells grown on glucose, presumably in an uncomplexed form. Heating (Tables 1 and 2 , step 4) released most of the lipoamide dehydrogenase from the complexes, which could then be isolated by ion-exchange chromatography and affinity chromatography. The elution patterns from Affi-Gel Blue were different in the two preparation procedures (Fig. 1) . With the preparation made from cells grown on glucose, there was one major peak at 150 ml. With the preparation made from cells grown on valine, there was a large amount of lipoamide dehydrogenase which was not retained by the column (Fig. 1,  pool A) . Pool B was eluted midway through the gradient at 60 ml, and pool C was eluted with 500 mM sodium chloride. None of the purified lipoamide dehydrogenase preparations contained keto acid dehydrogenase activity. The data below show that the lipoamide dehydrogenase of pool B was associated with growth on valine and that pool C contained the same lipoamide dehydrogenase isolated from P. putida grown on glucose.
Electrophoresis of purified dihydrolipoamide dehydrogenases. LPD-glu was a single protein which had a molecular weight of 56,000, as estimated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis. Lipoamide dehydrogenase from pool B (Table 2 ) of the preparation of cells grown on valine (LPD-val) was also a single protein but had a molecular weight of 49,000. These two proteins were separated easily by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 2) . Both proteins were responsible for their respective enzyme activities since electrophoresis in 5% polyacrylamide gels under nondenaturing conditions showed that the enzyme activity corresponded to the protein stain (Fig. 3) .
The proteins in the other two pools of lipoamide dehydrogenase eluted from Affi-Gel Blue in the preparation made from P. putida grown on valine were also examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Pool A ( Table 2 ) contained six major and several minor proteins and may have contained enzyme which was still complexed. Rechromatography of pool A on Affi-Gel Blue did not separate it into pools A, B, and C. Pool C contained a single protein which had a molecular weight of 56,000 and migrated with LPD-glu during sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Therefore, pool C was probably LPD-glu. pH optima. There were distinct differences in the pH optima of the two lipoamide dehydro- genases. When pig heart lipoamide dehydrogenase was assayed in the direction of NADH oxidation, NAD stimulated the reaction (15) and changed the pH optimum from 6.2 to 5.6 (24) . LPD-val behaved very much like the pig heart enzyme; the pH optimum decreased from 6.5 to 5.7 when NAD+ was present. However, with LPD-glu the shift in the pH optimum in the presence of NAD+ was only from 7.4 to 7.1. The pH optima for LPD-glu and LPD-val for the reduction of NAD+ were 8.1 and 8.7, respectively, compared with 7.9 for the pig heart enzyne (13) .
Kinetic constants for NADH oxidation. were few differences between the two enzymes with respect to the apparent Michaelis constants, maximum velocities, and-Hill coefficients. However, like the pig heart enzyme activity (15), there was a pronounced lag when LPD-glu activity was measured in the absence of NAD+. This lag was barely noticeable with LPD-val. Kinetic constants for NAD+ reduction. The double-reciprocal plots for the reaction of pig heart lipoamide dehydrogenase in the direction of NAD+ reduction yielded a series of parallel lines which fit a ping-pong mechanism of catalysis (14) . Figure 4 shows double-reciprocal plots for NAD+ against fixed concentrations of dihydrolipoamide for both LPD-glu and LPDval at their pH optima. The slopes and intercepts were calculated by a computer program as described above and yielded a series of parallel lines like those obtained with pig heart lipoamide dehydrogenase. The data from these lines were used to calculate the bottom line (Fig. 4 (8) .
Requirement of branched-chain keto acid dehydrogenase from P. putida for LPD-val. After we obtained a purified preparation of branched-chain keto acid dehydrogenase deficient in lipoamide dehydrogenase (23) , it was possible to determine whether there was a requirement for a specific lipoamide dehydrogenase. Table 5 shows that only LPD-val functioned with branched-chain keto acid dehydrogenase and that LPD-glu had no effect. It was essential that this experiment be performed with freshly prepared lipoamide dehydrogenases. Both LPD-glu and LPD-val were unstable, and aged preparations of LPD-val did not stimulate branched-chain keto acid dehydrogenase as much as fresh preparations, even when the same number of enzyme units was added.
To determine the requirements of pyruvate and 2-ketoglutarate dehydrogenases for lipoamide dehydrogenase, these enzymes were partially purified in an attempt to prepare complexes deficient in lipoamide dehydrogenase. The purification procedure started with 10 g of P. putida grown on glucose. This procedure was similar to that used to prepare branched-chain keto acid dehydrogenase and was carried to the stage of the DEAE-Sepharose CL-6B column (23) . Both enzymes emerged from the DEAE-Sepharose column at virtually the same position, so that the enzyme pool contained both pyruvate dehydrogenase and 2-ketoglutarate dehydrogenase. The specific activity of the partially purified pyruvate dehydrogenase was 0.83 U/mg of protein when the preparation was assayed with purified lipoamide dehydrogenase. Pyruvate dehydrogenase was not deficient in lipoamide dehydrogenase since it did not respond to either LPD-glu or LPD-val (Table 6 ). However, the activity of 2-ketoglutarate dehydrogenase was increased nearly fourfold by the addition of LPD-glu but not LPD-val. It was clear that 2-ketoglutarate dehydrogenase has a specific requirement of LPD-glu. We drew no conclusions concerning the requirement for lipoamide dehydrogenase by pyruvate dehydrogenase from the data in Table 6 .
DISCUSSION
As far as we know, this is the first evidence that two functionally different lipoamide dehydrogenases exist. LPD-val is produced only in cells grown on valine as the principal carbon and energy source and functions only with branchedchain keto acid dehydrogenase, an enzyme induced in P. putida during growth on branchedchain amino acids or their metabolites as the carbon sources (7) . LPD-glu is the sole lipoamide dehydrogenase produced during growth on glucose and does not function with branched-chain keto acid dehydrogenase. LPD-glu but not LPDval was required for the activity of a partially purified preparation of 2-ketoglutarate dehydrogenase. The preparation of pyruvate dehydrogenase did not respond to either purified lipoamide dehydrogenase and was apparently not deficient in this component of the complex. However, since P. putida grown on glucose contained only LPD-glu, it seems likely that a requirement will be demonstrated eventually. (16) . Furthermore, since E. coli does not grow in media containing branchedchain amino acids as the sole carbon source, this organism would not be expected to produce LPD-val. However, the situation with mammalian lipoamide dehydrogenase is less clear. There is considerable evidence for the existence of isozymes of pig heart lipoamide dehydrogenase (27) , which have been separated by ion-exchange chromatography, electrophoresis, isoelectric focusing, and affinity chromatography (11, 21, 25, 28) , but the catalytic properties, amino acid compositions, and molecular weights of these isozymes have all been within the range of experimental error. The best explanation is that these are conformational variations of the same protein. There is evidence that some of these isozymes are associated with pyruvate dehydrogenase and that others are associated with 2-ketoglutarate dehydrogenase (21) , but there is no reason to suspect that there is more than one lpd gene in mammals. Branched-chain keto acid dehydrogenase from bovine kidney lost lipoamide dehydrogenase activity during purification, but the activity of thisenzyme was restored by adding the usual lipoamide dehydrogenase; therefore, there is no evidence for the existence of a separate lipoamide dehydrogenase for branched-chain keto acid dehydrogenase in mammals (17) .
Because of the difference in molecular weight, it is clear that LPD-glu and LPD-val are two different proteins rather than conformational isozymes. The specificity of LPD-val for branched-chain keto acid dehydrogenase and the fact that this enzyme is produced only when branched-chain keto acid dehydrogenase is inauced are compelling evidence that LPD-val is produced to serve branched-chain keto acid dehydrogenase. Another important difference between the two lipoamide dehydrogenases is the difference in pH optima; however, in other respects, particularly the kinetic constants, the two enzymes are similar. LPD-val could be produced by a proteolytic processing of LPD-glu, or it could be the result of a separate lpd gene.
